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Abstract: We describe surface patterning strategies that permit high 
photon-collection efficiency together with high carrier-collection efficiency 
in an ultra-thin planar heterojunction organic photovoltaic cell. Optimized 
designs reach up to 50% photon collection efficiency in a P3HT layer of 
only 30 nm, representing a 3- to 5-fold improvement over an unpatterned 
cell of the same thickness. We compare the enhancement of light confine- 
ment in the active layer with an ITO top layer for TE and TM polarized 
light, and demonstrate that the light absorption can increase by a factor of 2 
due to a gap-plasmon mode in the active layer. 
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1. Introduction 

Organic Photovoltaics (OPVs) has great potential as a low-cost, lightweight solar cell tech- 
nology, but a trade-off exists in designing cells that efficiently absorb photons and ones that 
efficiently collect photogenerated carriers. This trade-off results because of the exciton diffu- 
sion length in OPV active layers such as poly(3-hexylthiophene) (P3HT) is typically only 10-15 
nanometers while the photon absorption length is at least an order of magnitude larger fUEJ. 
Bulk heteroj unction devices address the problem through an optically thick active-layer with 
intercalated or projected electrodes to harvest charge carriers. Another approach, and the one 
explore here, employs light-trapping techniques to enhance the absorption in an active layer of 
thickness comparable to the carrier diffusion length [3H9] ■ 

Various techniques have been proposed to increase photon collection such as photonic crystal 
structures in the active material itself [3]|4l or metallic nanostructures developed on the active 
layer JSJJjD. Dielectric gratings can confine light in the form of a resonance mode, and enhance 
photon absorption in the active layer underneath it Q. In this letter, we address the light trap- 
ping problem by an extensive numerical design study of a patterned top electrode composed of 
indium tin oxide (ITO). Our results show that the cell geometry can be tuned to simultaneously 
take advantage of coupling to optical gap modes, the nature of which is discussed in Section 2, 
as well localized resonances in the ITO rods and photonic crystal modes in the ITO array. By si- 
multaneously optimizing both types of light confinement mechanisms over the relevant spectral 
ranges, the resulting cell provides strong enhancement of the solar spectrum. In Sections 3 and 
4, we find that this gap mode, which arises in an optically thin low-index material sandwiched 
between two high-index media, can be formed in the OPV absorbing medium surrounded by 
ITO and a bottom metal contact. Comparing the photon absorption for TE and TM polarized 
light, we estimate that the gap mode leads to a near-doubling of absorption in the active region. 
In Section 5, we extend the one-dimensional gratings to two dimensions, thereby eliminating 
the polarization-dependence of the absorption enhancement. Using a two-dimensional photonic 
crystal comprised of ITO rods, we find efficient mode conversion from the normal-incident so- 
lar radiation into gap modes sandwiched by metallic contacts beneath and the high-index ITO 
patterned layers on top. The photonic crystal-patterned structure achieves a photon collection 
efficiency of 40%, representing a four-fold enhancement above an unpatterned structure with 
equal absorbing layer thickness. The absorption remains high for angular incidence up to 70° 
from the normal direction. In Section 5.2, we find that when ITO rods are replaced by cones, 
the photon collection efficiency can be increased to 50%. In all instances, a thin continuous 
layer of ITO remains on the OPV active material to ensure efficient carrier collection. 



2. Gap-plasmon mode 



A gap-plasmon mode (gap mode) is the enhanced confinement of a guided surface plasmon 
mode at a dielectric-conductor boundary, achieved by introducing a thin layer of low index 
dielectric material (a gap) between a high-index dielectric cladding and the conductor, and is 
due to the refractive index change across the dielectric interface. A similar enhancement of the 
field confinement has been demonstrated in dielectric slot waveguides lfT0HT2l . In this case, a 
dielectric slab waveguide is modified by inserting a low index dielectric layer - the slot - in 
the middle of the slab; this slot supports a transverse magnetic (TM) mode. If the slot is narrow 
enough, the profile remains nearly the same as it was in a slab waveguide without the slot, 
because of the continuity of the electric displacement field, 

£wE w = BgE s ^ (1) 
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The subscripts w and s stand for the waveguide and the slot, respectively. The intensity of the 
normal component of the electric field increases by a factor of (n w /n s ) 4 in the slot, resulting in 
stronger absorption . 

Similar to the highly confined guided modes in a dielectric waveguide, enhanced standing 
surface plasmon modes have been observed in a system composed of a narrow low index gap 
layer sandwiched between a dielectric waveguide with high index and a metal surface on the 
other side II13II14I . and the electromagnetic field can be tightly confined within the gap lTT5l . In 
this letter, we apply the gap-plasmon mode to the dielectric-gap-conductor structure of the OPV 
device structure proposed in Fig. \V[a). The periodically patterned dielectric top layer allows 
for phase matching between incident sunlight and standing surface plasmon gap modes in the 
P3HT active region for specific wavelengths and angles in regions of the solar spectrum where 
ITO has a higher index than P3HT. The highly confined gap mode possesses a large in-plane 
electric field component which leads to a vastly increased optical absorption in the lower index 
thin film active material. 
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Fig. 1. (a) Schematic showing the structure composed of a patterning ITO layer on a 30 nm 
P3HT absorbing layer, hi is the thickness of the ITO Layer, I12 is the etching depth of the 
periodic pattern, a is the period of the pattern, and d is the width of the ridges, (b) The real 
part (n) and the imaginary part (k) of the refractive index of P3HT (black) and ITO (red). 



3. ID grating: rectangular ridges 

As illustrated in Fig. []I a X the first structure considered consists of a 30 nm active layer 
placed on a reflective metal layer, and a high-index transparent layer imprinted with peri- 
odic patterns on the top of the active layer. The material chosen as the active layer is poly- 
3(hexylthiophene)(P3HT) and we use a perfect electric conductor (PEC) to model the bottom 
metal electrode in all our numerical calculations. The real («) and imaginary part (k) of the 
refractive index of the material are shown in the black lines in Fig.[TJb), Ref. Ifl6l . We consider 
the solar spectrum (simulated by a blackbody at 5800 K) from 350 nm to 750 nm, in which 
P3HT possesses a large absorption coefficient. 

To enhance light absorption in the active material, we deposit a transparent layer with high 
refractive index on the P3HT layer and imprint a one-dimensional pattern of infinitely long 
square ridges. As defined in Fig.QJa), the transparent patterned layer has a thickness of hi, an 
etch depth of hi, a ridge width of d, and a periodicity of a. We choose ITO as the material of 
the top layer in the following discussion to satisfy the previously stated criteria and to act as a 
transparent top electrode for carrier collection in the OPV. The complex refractive index of ITO 
is shown in the red lines in Fig[TJb) ifPTl . According to the difference between the real index 
of ITO and P3HT, we can separate the wavelength range into two regimes. In the wavelength 
range of A > 520 nm, which we call the resonance regime, the enhancement of the absorption 
results mainly from the resonance modes induced by the ITO photonic crystal structure. As 
A < 520 nm, the real part of the index of ITO is larger than that of P3HT so that gap modes can 
be formed in the P3HT layer and contribute to the absorption enhancement. We call this regime 
the resonance-gap hybrid regime (or, in short, the hybrid regime). 

We perform 2D RCWA using the commercially available DiffractMOD simulation package 
from RSoft Design Group 1181 to investigate the dependence of the light absorption in the active 
layer on all parameters h\, hi, a, and d. For 2D simulations we use 1 1 Fourier harmonics in the 




Fig. 2. (a) Map of the integrated absorbance A versus the period of the ID pattern, a, and 
the width of the ridges, d, for TE polarized light, (b), (c) The photon collection efficiency 
spectra of the optimal structure and the unpatterned reference, (d), (e) The intensity dis- 
tribution of the electric field of the optimized case at wavelengths having maximal and 
minimal collection efficiency. 



x-direction, and for 3D simulations we use 1 1 Fourier harmonics in both the x- and y-direction. 
For all numerical calculations, plane waves in free space, with wavelengths from 350 nm to 
750 nm, are used to model the incoming solar light, and periodic boundaries are used in the 
in-plane (jc— y) directions. The plane wave source is launched at normal incidence, except for 
calculations where the angle of incidence is explicitly stated. The figure of merit is defined as 



A= dX 
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where A is the total integrated absorbance and B(X) is the collection efficiency of photon, 
i.e. the calculated fraction of light absorbed in the active layer as a function of wavelength 
and weighted by the solar irradiance spectrum P(X)/(hc/X), in units of photon flux per unit 
wavelength. The integral is normalized to unity absorbance. 

The absorbance of the planar structure with a 30 nm P3HT layer and no ITO layer is only 
10.13%. 

3.1. TE polarized light 

In our investigation of the photon absorption enhancement by the patterned ITO layers, we first 
focus on the absorption in the active layer for TE polarized light (with only one E component, 
Ey). In this case, neither surface plasmon modes nor gap modes exist. In Fig. [2 a), we show the 
overall photon absorbances of the structure with the optimal h\ = 190 nm and I12 =150 nm as 
determined by the numerical simulations, for different combinations of the ridge period, a, and 
ridge width, d. AmaximumA = 22.61% occurs at (a,d) =(560nm, lOOnm) (point I). Compared 
with a structure with an unpatterned top layer (point II, A = 13.80%), the absorbance increases 
by 64% and its amplitude is more than double that of a structure having only a P3HT layer. 
The spectra of the photon collection efficiency of the optimized structure and the unpatterned 
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Fig. 3. (a) Map of the integrated absorbance A versus the period of the ID pattern, a, and 
the width of the ridges, d, for TM polarized light, (b), (c) The photon collection efficiency 
spectra of the optimal structure and the unpatterned reference, (d), (e) The intensity dis- 
tribution of the electric field of the optimized case at wavelengths having maximal and 
minimal collection efficiency. 
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Fig. 4. Photon absorbance of the rectangular ridge structure with optimized geometry ver- 
sus incident angle, for TE (black line) and TM polarized light (red line), respectively. The 
dotted lines show the incident-angle dependence of the absorbance for the unpatterned ref- 
erences 

reference are shown in Fig. EJb) and|2jc), respectively. A large peak in the resonance regime 
with a collection efficiency B of 70% is observed for the optimal case, which agrees with the 
higher absorbance obtained. Figures|2jd) and|2je) show the intensity distributions of the electric 
field along the cross-section of the optimal structure at the peak, A = 582 nm, and the nearest 
local minimum, A = 750 nm, respectively. As expected, in both Fig. [3d) and|2te), resonance 
modes induced in the ITO grating are observed, but in Fig.[2]e), there is less intensity distributed 
in the active layer as the collection efficiency reaches a minimum. This result agrees with the 
enhancement obtained in a previous study of enhancing light trapping in organic solar cells 
with dielectric photonic crystal structures as the top-surface layer (9). Our approach is to apply 
this result in combination with a gap mode enhancement, so as to achieve a substantially higher 
absorption enhancement with a smaller active area. 

3.2. TM polarized light 

As mentioned in Section 2, because the gap mode results from the enhancement of the sur- 
face plasmon mode, we can only induce gap modes with TM polarized light (with only one H 
component, H y ). As a result, for comparison, we perform a similar calculation for TM polar- 
ized light and show, in Fig. (3ja), the impact on the photon absorbance of varying the grating 
period and the ridge width, using the optimized thickness of the ITO layer and etching depth 
(hi,h 2 )=(200 nm, 170 nm). The optimal structure has (a,d)=(440 nm, 190 nm) (Point III) and 
the calculated overall absorbance is up to 44.36%, which is a factor of 3.4 increased from that 
of the unpatterned reference (Point IV, A = 13.17%). Compared with the optimal value for TE 
polarized light, which does not involve gap modes, the enhancement of absorbance is doubled, 
which agrees with our expectation of the contribution of the gap modes. The collection effi- 
ciency spectrum shows peaks with collection efficiency B > 80% in both the resonance and 
hybrid regimes for the optimal structure (Fig.[3jb)) but not for the unpatterned reference (Fig. 
[3jc)). Figures[3td) and[2e) show the intensity of the electric field of the optimal structure for 
the peak in the hybrid regime at A = 364 nm and the nearest local minimum at A = 438 nm. 
Figure[3jd) shows the clear presence of a gap mode enhancing the absorption in the active layer; 
only a small residual field is distributed in the active layer in Fig.[3je). 

3.3. Incident-angle dependence 

One important property of a solar cell is its tolerance to the angle of the incident light. Figure 
2] shows the absorbance of the optimized ID grating cells for TE and TM polarized light, as 
a function of incident angle. For TE polarized light, the maximal absorbance occurs when 
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Fig. 5. (a) Schematic of the ITO grating composed of triangular ridges, (b) The spectral 
collection efficiencies in the active layer for TE and TM polarized light, (c), (d) The in- 
tensities of the electric field for the optimal structure for TE polarized light at A =532 nm 
and 382 nm, respectively, (e), (f) Electric field profiles for TM polarized light at the same 
wavelengths. 
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Fig. 6. Photon absorbance of the triangular ridge structure with optimized geometry versus 
incident angle, for TE (black line) and TM polarized light (red line), respectively. The 
dotted lines show the incident-angle dependence of the absorbance for the unpatterned 
references 

light has normal incidence, and for TM polarized light, the absorbance reaches it maximum, 
A = 46.06%, when the light is incident with an angle of 4° from the vertical and then drops 
to its 2/3 as (j) > 20°. However, for both polarizations, the absorbance maintains 40% larger 
than that of the unpatterned reference until the incident angle is up to 80°. Note that for TM 
polarized light, the absorbance of the unpatterned reference increases as the incident angle until 
<p > 70° because more normal component of electric field can provide stronger gap-plasmon 
modes in the active layer. 
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Fig. 7. (a) Schematic of the cells composed of ITO cylinders or blocks in a square lattice, hi : 
the thickness of the ITO Layer, the etching depth of the periodic pattern, a: the period 
of the pattern, d: the diameter of the rods, (b) The spectral photon collection efficiency for 
the optimal cylinder and block arrays, (c), (d) The intensity distributions of the electric field 
of the optimized case, viewed in a cross-section which crosses the axis y = 0, at X = 370 
nm for the optimal cylinder and block arrays, respectively. 

4. ID grating: triangular ridges 

We replace the square-shaped ridges with a triangular shape to achieve better coupling between 
the normal-incident electric field and the surface plasmon mode. The structure of the solar 
cell is shown in Fig.|3a). Figure |5jb) shows the spectral collection efficiency of the optimal 
structure, which has hi = 140 nm, hi = 100 nm, a = 520 nm, and d — 130 nm for TE polarized 
light, and hi = 120 nm, I12 = 120 nm, a = 360 nm, and d = 290 nm for TM polarized light. 
The optimal absorbance is 22.64% for TE polarized light, which is enhanced by a factor of 
1 .95 from the unpatterned reference (A = 1 1 .64%). The optimal absorbance for TM polarized 
light is 48.73%, which is 10% higher than the optimal value of the rectangular ridges. A total 
enhancement of 485% over the unpatterned structure is increased by 43%, compared to the 
337% enhancement achieved by rectangular-shaped ridges. 

Figure Oc) and|5td) show the intensity distributions of the electric field for peaks at wave- 
lengths A =532 nm and 382 nm for TE polarized light. Well-confined resonance modes are 
observed in the ITO layers. Figure |3e) and|5jf) show the electric field intensity at the same 
wavelengths for TM polarized light. Beside the resonance modes, surface plasmon modes are 
observed near the bottom contact and the gap mode is found in the hybrid regime, both of which 
contribute to the absorption being two times higher than that for TE light. 

Figure [6] shows the incident-angle dependence of the photon absorbance of the optimal 
triangular-ridge gratings. For TE light (the black line), a maximum exists when the light is 
normally incident and the absorbance A remains around 0.2 until the incident angle is larger 
than 80°. For TM light (the red light), the photon absorbance reaches its maximum value of 
52.03%, at <p = 9°, and decreases to that of the optimal value for TE light when < 70°. 
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Fig. 8. (a) Schematic of the cells composed of ITO cones in a square lattice, hi : the thick- 
ness of the ITO Layer, h2'. the etching depth of the periodic pattern, a: the period of the 
pattern, d: the bottom diameter of the cones, (b) The spectral collection efficiency of the 
optimal structure, (c) The intensity distributions of the electric field of the optimized case, 
viewed in the plane y = 0, at A = 444 nm. 

5. 2D gratings 

5.1. Cylinder and block arrays 

To account for the randomly polarized nature of sunlight, we extend the pattern structure from 
ID to 2D in order to eliminate the polarization dependence of the absorption enhancement. 
Figure [3 a) shows the structure of the 2D patterns that are composed of ITO cylinders and 
blocks in square lattices. The optimal structure of the cylinder array has h\ = 250 nm, = 220 
nm, a = 460 nm, the diameter of the cylinders, d = 260 nm, and the absorbance is 40.89%. The 
optimal block array has the same h\, /i2, and a but a different block width, d, of 240 nm, and 
the absorbance is 40.55%. In both cases, the light absorbance is enhanced by a factor of w 3.4 
over that of an unpatterned ITO layer. 

As expected, the cylinder array provides stronger confinement of light than the block array 
because circular arrays have higher symmetry; however, the absorption enhancement remains 
almost the same for both structures. We compare the absorption spectra, B(X), of the optimal 
cylinder and block arrays in Fig.Qb). Peaks with high collection efficiency are observed in or 
near the resonance regime at similar wavelengths for both structures. The peak at A = 670 nm 
red shifts for the block array due to the higher effective refractive index. We also observe that 
a peak exists for the block geometry, but not for the cylinder geometry, in the hybrid regime 
at A = 370 nm, where the difference between the index of ITO and P3HT is sufficiently large 
to support a gap mode. In comparing the intensities of the electric field for the cylinder array 
at A = 370 nm in Fig. |7Jc) with that of the block array in Fig. |7]e), it can been seen that for 
the cylinder array, the resonance mode of the grating is better confined, but the block array 
can better couple to gap modes in the active layer because of its less symmetric shape in the 
in-plane direction, which agrees with the higher collection efficiency obtained. 

5.2. Cone arrays 

We perform numerical simulations for a 2D grating composed of cones in a square lattice with 
a similar motivation to the ID triangular gratings. The optimal structure of the cone array has 
the dimensions of hi = I12 =160 nm, and a = d =430 nm, and the optimal photon absorbance 
is 49.46%, which is enhanced by a factor of 3.7 from that of the unpatterned reference (A = 
13.33%). Compared with cylinder or block arrays, the photon absorbance is 25% higher and the 
enhancement over the unpatterned reference increases by 9%. Figure[8jc) shows the intensity 




Fig. 9. Photon absorbance versus incident angle, (j), for the optimal cylinder (a), block (b), 
and cone arrays (c). The black solid and black dotted lines represent the dependence of 
along the lattice (6 = 0°) and a diagonal (6 = 45°), and the red lines is the unpatterned 
references. 



distribution of the electric field for a collection efficiency peak exceeding 80% at A = 444 nm, 
which is in the hybrid regime. As can be seen, a gap mode is formed, accompanied with a 
strongly confined resonance mode in the grating. 

5.3. Incident-angle dependence 

Figures [9] shows the incident angle dependence of the absorbance for the optimal cylinder, 
block, and cone arrays. The absorbance values of the 2D arrays reach the maxima at (j) = 6 — 12° 
and are about 5 — 1 1 % higher than those with normal incident light. The maximal absorbance 
for the cone array can be up to A = 55.12% when light is incident at an azimuth angle of 9° 
along the lattice, and A = 55.80% at (j) = 12° along the diagonal. For all structures, the photon 
absorbance remains greater than 50% higher than for the unpatterned reference, until (j) > 70°. 
Similar to the ID cases, the absorbance of unpatterned references increase with the incident 
angle until <j> > 75°. 

6. Conclusion 

We have extensively studied how different patterning geometries on the top surface of an top- 
surface ITO contact can effect photon absorption enhancement in an ultra-thin OPV cell. We 
demonstrate that, in comparison with the enhancement contributed by the resonance modes of 
a grating only, the enhancement of the photon absorption can be doubled by decreasing the 
thickness of the active layer to enable gap modes. The photon absorbance can be enhanced by 
a factor of 3.7 to w 50% for the optimal 2D cone array, and all types of cells possess large 
incident-angle tolerance (for angles of > 70°). This result represents a potential major im- 
provement in optical harvest efficiency for OPVs. We believe this technique can thus lead to a 
substantial advance in the efficiency of organic solar cells, which has previously been limited 
by the mismatch between the exciton diffusion length and the absorption length. 
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